The deep-sea tubeworm Riftia pachyptila lacks a digestive system, but completely relies on bacterial 29 endosymbionts for nutrition. Although the symbiont has been studied in detail on the molecular level, 30 such analyses were unavailable for the animal host, because sequence information was lacking. To 31 identify host-symbiont interaction mechanisms, we therefore sequenced the Riftia transcriptome, 32 which enabled comparative metaproteomic analyses of symbiont-containing versus symbiont-free 33 tissues, both under energy-rich and energy-limited conditions. We demonstrate that metabolic 34 interactions include nutrient allocation from symbiont to host by symbiont digestion, and substrate 35 transfer to the symbiont by abundant host proteins. Our analysis further suggests that Riftia 36 maintains its symbiont by protecting the bacteria from oxidative damage, while also exerting 37 symbiont population control. Eukaryote-like symbiont proteins might facilitate intracellular 38 symbiont persistence. Energy limitation apparently leads to reduced symbiont biomass and 39 increased symbiont digestion. Our study provides unprecedented insights into host-microbe 40 interactions that shape this highly efficient symbiosis. 41 42 43
Introduction
for a review). The symbiont's metabolism has been studied in detail as 91 well , in particular by means of metagenomics and metaproteomics 92 (Gardebrecht et al., 2012; Markert et al., 2007 Markert et al., , 2011 ; Robidart et al., 2008 ). Yet, little is known about 93 interactions between the two symbiotic partners and, particularly, about the proteins directly 94 involved in these processes. 95
Our study aimed to illuminate the underlying mechanisms of host-symbiont interactions on the 96 protein level. For this purpose, we employed a state-of-the-art global metaproteomics approach, 97 which required comprehensive sequence data for both partners. While the genome of the Riftia 98 symbiont was sequenced previously (Gardebrecht et al., 2012; Robidart et al., 2008) , up to now no 99 such information was available for the host. Therefore, we sequenced the transcriptome of the Riftia 100 host de novo. This enabled us to build a comprehensive protein database, which we used to compare 101 protein abundance patterns in symbiont-containing and symbiont-free Riftia tissues. By comparing 102 sulfur-rich and sulfur-depleted specimens, we furthermore examined how host-symbiont 103
interactions vary under high-and low energy conditions. Our analysis sheds light on metabolite 104 exchange processes between both partners, on the host's symbiont maintenance strategies and on 105 the symbiont's molecular mechanisms to persist inside the host. Interaction analysis of a chemosynthetic deep-sea symbiosis 110 We sequenced the Riftia host transcriptome de novo and combined it with three existing symbiont 111 genomes to create a comprehensive holobiont database for identification of Riftia host and symbiont 112 proteins (see Material and Methods). Our metaproteomic analysis included comparisons between 113 symbiont-containing and symbiont-free tissues of specimens with light and dark trophosomes 114 (hereafter referred to as sulfur-rich, S-rich specimens and tissues, and S-depleted specimens and 115 tissues, respectively). A fully replicated dataset and stringent experimental design enabled us to find 116 statistically significant differences in individual protein abundance between sample types, as well as 117 abundance differences between functional protein groups. For an overview of all identified proteins, 118 see Supplementary Results and Discussion Part 1 (SOM1). We identified symbiosis-specific proteins 119 and molecular interaction processes, including (i) metabolite exchange between host and symbiont, 120 (ii) host strategies of symbiont maintenance, and (iii) symbiont mechanisms to persist inside the 121 host. Furthermore, we found that (iv) S availability affects symbiotic interactions in Riftia. For a 122 graphical representation of the main interactions, see Figure 1 . Beyond the results presented here, 123 our data sets also provide a valuable resource for future Riftia studies and microbe-eukaryote 124 symbiosis research in general. 125 contained in lysosomes or secreted into the symbiont-containing vesicles to digest the symbiont cells 142 (Table 1, Supp. Table S1 ). 143
Our findings are in accordance with previous biochemical, autoradiographic and microscopic studies, 144 which suggested symbiont digestion in Riftia trophosome (Boetius and Felbeck, 1995; Bright et al., 145 2000; Hand, 1987; Pflugfelder et al., 2009 ). Moreover, abundant degradative enzymes and symbiont 146 digestion appear to be common in other mutualistic symbioses as well, including deep-sea mussels 147 (Ponnudurai et al., 2017; Streams et al., 1997, Ponnudurai et al., submitted) , shallow-water clams 148 (Caro et al., 2009; König et al., 2015) and the gutless oligochaete Olavius algarvensis (Wippler et al., 149 2016; Woyke et al., 2006) . 150
Our metaproteome analysis suggests that symbiont digestion in Riftia might involve maturation of 151 symbiont-containing host vesicles in a process resembling the maturation of endosomes. Endosomes 152 form after endocytosis of extracellular compounds and mature from early to late endosomes, which 153 ultimately fuse with lysosomes. The endosome-associated proteins Rab5 and Rab7 showed 154 significantly higher abundances in trophosome samples compared to other host tissues. Rab5 and 155
Rab7 localize to early and late endosomes as well as autophagosomes, respectively, and are markers 156 for these recycling-related organelles (Chavrier et al., 1990; Hyttinen et al., 2013; Vieira et al., 2002) . 157
The idea of symbiont degradation via an endosome-like maturation process in Riftia is additionally 158 supported by the observation of multilamellar bodies in Riftia bacteriocytes in our TEM images 159 ( Figure 3 ). These multilamellar bodies can form in endosomes (Marchetti et al., 2004) , but were also 160 suggested to be associated with autophagic cell death in Riftia trophosome (Pflugfelder 2009 ). 161
Although autophagy and apoptosis were suggested to be involved in cell death in Riftia trophosome 162 (Pflugfelder et al., 2009 ), our results contradict this hypothesis. We detected only two autophagy-163 related proteins (Supp . Table S2 ) and only 12 of 41 detected apoptosis-related Riftia proteins were 164 identified in the trophosome, mostly with similar or significantly lower abundances as compared to 165 other tissues. Caspases, the main apoptotic effectors, were not detected at all on the protein level in 166 trophosome samples (see also SOM2). This is in line with previous microscopic results, which did not 167 indicate apoptosis in the trophosome (Bright and Sorgo, 2003) . A non-autophagic, non-apoptotic cell 168 death mechanism was recently described in pea aphid bacteriocytes (Simonet et al., 2018) . In the 169 aphids, the proposed mechanism involved hypervacuolation of host bacteriocytes, which was, 170 however, not observed in Riftia trophosome. Another caspase-independent cell death mechanism, 171 which involves the protease cathepsin B, has been described in cancer cells (Bröker et al., 2004) . As 172 cathepsin B was significantly more abundant in trophosome than in other Riftia tissues, we speculate 173 that this protease, amongst other degradative enzymes, may be involved in controlled cell death in 174
Riftia trophosome. 175
Besides symbiont digestion, a second mode of nutrient transfer, the release of small organic carbon 176 compounds by intact symbionts, was suggested to be present in Riftia (Bright et al., 2000; Felbeck 177 and Jarchow, 1998). Our calculated δ 13 C ratios might support this theory (SOM3). indicate standard error of the mean. Note the different scaling in the right part of the x-axis. The 183 "Chaperones, heat shock proteins" category also includes chaperonins and Clp proteases. FIH: factor 184 inhibiting hypoxia-inducible factor 1α. S-depl: S-depleted. To view the list of all identified proteins, 185
including their abundances, see Supp. Table S1 . (The table can be filtered for the same main or sub  186 categories as presented in this figure; these categories are labelled with "X" in column " , 1996, 1998) . We detected several of these subunits, 210
including isoforms that are (to our knowledge) hitherto undescribed (Supp . Table S1 ). Riftia's 211 extracellular hemoglobins have been shown to bind both O2 and sulfide (Flores et al., 2005, reviewed 212 in Bailly and Vinogradov, 2005; Hourdez and Weber, 2005) . Abundant hemoglobins in the highly 213 vascularized plume therefore ensure efficient uptake of these compounds for transport to the 214 symbionts. The symbionts are microaerophilic (Fisher et al., 1989) , and simultaneous reversible O2-215 and sulfide-binding to abundant hemoglobins in the trophosome therefore not only provides the 216 bacteria with chemosynthetic substrates and prevents spontaneous sulfide oxidation, but also 217 protects the symbionts from oxygen. (See SOM4 for hemoglobins as a means of protecting the host 218 from sulfide toxicity and for other sulfur metabolic pathways in the host.) In addition to extracellular 219 hemoglobins, we identified four low-abundance (0.002-0.084%orgNSAF) globins that are probably 220 intracellular and might store O2 (SOM5). 221
Besides hemoglobins, myohemerythrins were detected in all tissues, with particularly high 222 abundances of 6.7%orgNSAF in S-rich plumes. With their comparatively high oxygen-binding 223 capacity (Mangum, 1992) , hemerythrins could facilitate oxygen uptake from the environment into 224 the plume, and are possibly also involved in O2 storage and intracellular transport in Riftia. Transport of HCO3 -to the bacteriocytes could be mediated by bicarbonate exchangers, which we 242 identified in trophosome and plume samples. 243
While carbon for fixation by the Riftia symbiont is likely mainly transported in the form of CO2/HCO3 -, 244 the host may additionally pre-fix CO2 into organic C4 compounds which are then transported to the 245 symbiont (Felbeck, 1985) . We did identify host phosphoenolpyruvate carboxykinase and pyruvate 246 carboxylase, which could be involved in this process (SOM8). 247
Riftia's nitrogen metabolism depends less on the symbiont than previously assumed 248 Riftia symbionts supply their host not only with carbon and energy sources, but also with ammonium 249 produced by bacterial nitrate reduction (Figure 4 , SOM9). However, with regard to the subsequent 250 metabolization of organic nitrogen, the host might be more self-sufficient than previously thought: 251
Previous biochemical analyses suggested that only the symbiont, but not the host, can de novo 252 synthesize pyrimidines (Minic et al., 2001 ) and produce polyamines (Minic and Hervé, 2003) . In 253 contrast to those studies, we found the multifunctional CAD protein (carbamoyl-phosphate 254 synthetase 2, aspartate transcarbamoylase, and dihydroorotase), in the Riftia host 255 metatranscriptome, suggesting that the host can catalyze the first steps of pyrimidine synthesis. As 256 we did not detect CAD protein on the protein level, expression levels and associated activities in the 257 host are likely rather low, and most of the pyrimidine demand could be satisfied by digesting 258 symbionts. In addition, we found key genes involved in polyamine synthesis in the hosts' 259 metatranscriptome and partially also detected the respective proteins in the hosts' metaproteome 260 ( Figure 4 ). Our results suggest that while both Riftia symbiosis partners can synthesize spermidine, 261 in fact only the host is able to generate spermine. Host spermidine synthase and spermine synthase 262 were exclusively detected in trophosome samples in our study, suggesting that the polyamines 263 produced by these proteins could have a role in symbiont-host interactions. They could, for example, 264 be involved in restricting the symbiont to its cell compartment, i.e. the bacteriocyte vesicle, as 265 suggested for bacterial pathogens (SOM10). In addition, only the host seems to possess a full urea 266 cycle and might degrade not only its own, but also nitrogen-containing metabolites of the symbiont 267 (SOM9). These results show that the symbiont provides the host with necessary metabolic energy 268 and building blocks for biosynthesis, but that the host has also retained key biosynthetic capacities 269 for N-containing organic compounds. invertebrates under anaerobic conditions (Hourdez and Lallier, 2007) and is involved in maintaining 290 redox balance during anaerobiosis (Fields and Quinn, 1981). The trophosome might thus rely more 291 on fermentative metabolism than on respiration, as also indicated by the overall lower abundance of 292 host respiratory chain proteins in trophosome compared to other tissues of both, S-rich and S-293 depleted specimens. We also detected hypoxia-inducible factor 1-alpha inhibitors (factor inhibiting 294 HIF1a; FIH) almost exclusively in trophosome samples, which further supports the idea that free 295 oxygen concentrations in the trophosome are low. This is in line with the high oxygen-binding 296 capacity of Riftia hemoglobins (Fisher et al., 1989; Hentschel and Felbeck, 1993) , and with the 297 suggestion of fermentative metabolism under hypoxic and even oxic conditions in Riftia, based on 298 biochemical results (Arndt et al., 1998) . Taken together, lower oxygen concentration in the 299 trophosome, (partial) anaerobic host metabolism, and host ROS-detoxifying enzymes in this tissue 300 would not only protect the symbionts from oxidative damage, but would additionally decrease the 301 competition between the Riftia host and its symbionts for oxygen. 302 303 The Riftia immune system might be involved in symbiont population control 304 We detected several proteins which are potentially involved in a specific immune reaction of Riftia 305 against its symbiont in the trophosome. Two bactericidal permeability-increasing proteins (BPIPs) 306 were detected, one exclusively in the trophosome, the other only in the plume. BPIPs act specifically 307 against Gram-negative bacteria, causing initial growth arrest and subsequent killing due to inner 308 membrane damage (Elsbach and Weiss, 1998) . In Riftia, BPIPs could be involved in keeping the 309 symbiont population under control, e.g. as part of the digestion process or by preventing the 310 symbionts from leaving their intracellular host vesicles. Likewise, in the Vibrio-squid symbiosis, 311
BPIPs have been implied in restricting the symbiont population to the light organ (Chen et al., 2017) . We also found that histones had overall higher abundance in Riftia trophosome than in other tissues. 318
Four of these histones were significantly more abundant in trophosomes than in other tissues, and 319 three additional histones were exclusively detected in trophosome samples (Supp. . Table S3 ), stimulating the speculation that these histones may have 324 antimicrobial properties. While AMP-like histone-derived peptides in the plume might be involved 325 in defense against environmental microbes, the high abundance of histones in the trophosome could 326 point to a function in host-symbiont interaction. Host-derived AMPs could, for example, be involved 327 in controlling the symbiont's cell cycle. In their life cycle, the symbionts apparently differentiate from 328 actively dividing stem cells into growing, but non-dividing larger cells (Bright and Sorgo, 2003) . As 329 various AMPs were shown to inhibit cell division or septum formation and to cause filamentous cell 330 morphologies (reviewed in Brogden, 2005) , we speculate that Riftia AMPs may inhibit cell division 331 as well, e.g. via interaction with symbiont GroEL. Interaction between a host AMP and a symbiont 332
GroEL has been proposed to lead to cell elongation of bacterial weevil symbionts (Login et al., 2011) . Table S4 ). We detected more than 100 of these symbiont 350 proteins in the trophosome samples ( Figure 5) , which points to a symbiosis-relevant function. 351
Among the ELPs detected in the symbiont metaproteome were two ankyrin repeat-containing 352 proteins, which contain a signal peptide and are therefore likely secreted (predicted by Phobius, 353 http://phobius.sbc.su.se/). Ankyrin repeats were found to mediate protein-protein interactions (Li 354 et al., 2006) . In the sponge Cymbastela concentrica, symbiont ankyrins were proposed to interact with 355 the eukaryote's phagocytosis system: The symbiont ankyrins were heterologously expressed in E. Table S4 ), it is conceivable that parallels exist between 371 interaction processes of mutualistic and pathogenic associations, and that the Riftia symbiont 372 employs a strategy similar to that of pathogens to communicate with its host on the molecular level. 373 Figure S5 . For 379 details on the organisms see Supp. Table S5 . For further information about the selected protein 380 groups see Supp. Table S4 . 'Riftia pachyptila endosymbiont metaproteome' refers to the Riftia 381 symbiont proteins detected in this study. 382 383 Symbiont membrane proteins may export effector proteins into host cells and lead to 384 strain adaptation 385 We detected various outer membrane-related proteins in the Ca. E. persephone proteome, including 386 a porin (Sym_EGV52132.1), which was one of the most abundantly expressed symbiont proteins, and 387 12 type IV pilus (T4P) system proteins (PilQ, PilF, PilC, PilBTU, PilM, PilN, PilP, FimV, PilH, PilY1). Five 388 additional T4P structure proteins were encoded in the metagenome (pilVWXE, pilO). These proteins 389 are in direct contact with the host cells, and therefore likely involved in interactions between both 390 symbiosis partners, including such processes that facilitate the symbiont's persistence inside the host 391
cells. 392
The abundant symbiont porins could transport effector molecules, e.g. to modulate digestion by the 393 host. A role of porins in effector transport during symbiosis has been hypothesized for the Vibrio 394 fischeri OmpU, a channel protein that is important for symbiont recognition by the squid host 395 (Nyholm et al., 2009) . 396
The T4P system is a complex structure, which, in Pseudomonas aeruginosa, comprises more than 40 397 structure for DNA uptake (Davidson et al., 2014) . As microbial cell densities are comparatively high 414 in eukaryote-prokaryote mutualisms, natural transformation in these systems might actually be 415 more common than previously recognized. The proposed DNA uptake by the Riftia symbiont may not 416 only facilitate exchange between symbiont strains, but may also promote horizontal gene transfer 417 between host and symbiont, e.g. of eukaryote-like proteins. This hypothesis, as well as the 418 speculation that Ca. E. persephone might be capable of conjugation (SOM14) certainly warrant 419 further investigations. 420 S availability affects symbiotic interactions in Riftia 421 S-depleted Riftia hosts digest more symbionts than S-rich specimens 422 We compared the metaproteomes of Riftia specimens with and without stored sulfur (i.e., energy-423 rich vs. energy-depleted specimens) to examine how energy availability impacts symbiotic 424 interactions. Metabolite transfer is apparently especially influenced by the energy regime: The host 425 supposedly relies more on symbiont digestion in times of S shortage. Proteinaceous symbiont 426 biomass was notably lower in S-depleted trophosomes (32%) than in S-rich trophosomes (58%; 427 Figure 6 ). Simultaneously, overall abundances for several groups of host digestive enzymes were 428 higher in S-starved trophosomes (Figure 2) , and a number of individual host proteins were 429 significantly more abundant in these S-depleted samples, such as enzymes involved in protein 430 digestion (including cathepsin B), amino acid degradation, the late-endosome protein Rab7 and 431 histones (Supp. Table S1). One reason for this supposed increase in symbiont digestion in S-depleted 432 trophosomes could be a lower nutritional value of the energy-depleted symbionts. S-depleted 433 symbionts have lower abundances of enzymes involved in sulfur oxidation, probably due to lower S 434 availability. Therefore, less energy might be available for biosynthesis under S depletion, rendering 435 the symbiont less "nutritious" for the host. S-depleted hosts may thus have less energy available, 436 despite increased symbiont digestion. This idea is supported by the observation that host proteins 437 involved in the energy-generating glycolysis, TCA cycle, respiratory chain, ATP synthesis and 438 biosynthetic pathways were less abundant in S-depleted trophosomes than in S-rich trophosomes. 439
Potentially, increased symbiont digestion under S-depleted conditions is necessary for the host to 440 satisfy its basal metabolic demand. Concomitant with the postulated lower nutritional value of S-441 depleted symbionts, the Calvin cycle key enzyme RubisCO had an about 10-fold lower abundance in 442 S-depleted symbionts. Abundance of the rTCA cycle key enzyme ATP citrate lyase (EGV51152.1), on 443 the other hand, was slightly higher in S-depleted symbionts than in S-rich symbionts, albeit only 1.4-444
fold. Under S-depleted conditions, symbionts apparently rely relatively more on the rTCA cycle, 445 which is more energy-efficient than the Calvin cycle (Markert et al., 2007) . The Calvin cycle could be 446 used in addition to the rTCA cycle under favorable conditions to maximize overall carbon fixation. 447
Moreover, symbiont enzymes involved in translation were overall more abundant in S-rich 448 trophosomes than in S-depleted trophosomes. Less protein biosynthesis in S-depleted symbionts 449 would not only impact the nutritional value of these symbionts, but additionally directly decrease the 450 proteinaceous symbiont biomass. The reason for the lower proteinaceous biomass of symbionts in 451 S-depleted trophosomes is therefore probably two-fold: The host digests more symbionts and the 452 symbionts produce less biomass compared to energy-rich trophosomes. 453
These findings are in contrast to previous results (Scott et al., 2012) , which showed no significant 454 differences in autotrophic activity and symbiont abundance between Riftia specimens from high-vs. Higher digestion pressure might result in symbiont countermeasures 476 In S-depleted Riftia specimens, a putative Ca. E. persephone dodecin was significantly more abundant 477 than in S-rich specimens. This protein might be involved in protecting the symbiont against oxygen 478 and/or digestion stress (SOM14). A symbiont porin, which was also significantly more abundant in 479 S-depleted specimens, might be involved in counteracting the supposedly higher digestion pressure 480 (see above and SOM14). 481
Conclusion 482
To fully understand the biology of organisms, it is crucial to study them together with their symbiotic 483 partners as holobionts (Gilbert et al., 2012) . Given its low complexity, high specificity and extreme 484 dependence of the host on the symbiont, the association of Riftia and its bacterial partner serves as 485
an excellent system to study mutualistic host-microbe interactions. While Riftia lives in a unique and 486 remote environment, many of the interactions we identified, like symbiont digestion by the host, high 487 host investment in substrate transfer to the symbiont, host-directed symbiont population control, 488 and eukaryote-like symbiont proteins that could interact with the hosts' molecular machinery, seem 489 to be critical in other symbiotic associations as well, including insects, mussels and oligochaetes. 490
These interactions might therefore represent common principles among evolutionarily diverse 491 mutualistic animal-microbe associations. 492
Our study provides access to the Riftia host transcriptome and protein sequences and thus paves the Table S6 . Different specimens were used for proteomics, transcriptomics and TEM. Riftia specimens 511 were dissected onboard and tissue samples stored at -80 °C. The lamellae of the tentacular crown 512 were shaved off to provide "plume" samples, trophosome samples were dissected from whole 513 trophosome, body wall samples were retrieved and washed after removal of the trophosome, and 514 vestimental samples were cut off from the lateral portions of the vestimentum. Specimens were 515 classified into sulfur-rich (S-rich), S-depleted and medium S according to their trophosome color 516 (yellow/light green, dark green/black, or medium green, respectively). 517
Extraction of whole-tissue RNA 518 RNA was extracted from a total of 22 tissue samples from 9 specimens (6 x trophosome, 6 x body 519 wall, 5 x plume, 5 x vestimentum, see Figure 1 ). Tissue samples were homogenized by bead-beating 520 with lysing matrix D (MP Biomedicals) in 1 ml TRIzol® (Thermo Fisher Scientific; 3x 6.5m/s for 30 521 s, 3 min cooling on ice in between). After 5 min acclimatization to room temperature, samples were 522 applied onto QIAShredder columns (Qiagen) and centrifuged (16,000 x g, 3 min, 4 °C). Afterwards, 523
RNA was isolated from the aqueous flow-through according to the TRIzol extraction protocol, with 524 the modification that samples were centrifuged for 20 min at 12,000 x g and 4 °C for phase separation. To assess the completeness of the different assemblies we compared our transcriptomes against the 554 BUSCO v2.0 eukaryote and metazoan orthologous datasets (Simão et al., 2015) . Overall, the best 555 results in terms of transcriptome completeness and quality were obtained by the assembly approach 556 using paired and unpaired reads plus jaccard-clip option (Supp . Table S7 ). This dataset was used for 557 all further analyses. . Table S2 ). 625
SMART analysis of eukaryote-like and potential interaction domains 626
We used the SMART tool (Letunic and Bork, 2018) to screen the Riftia symbiont protein database for 627 proteins and domains which could be involved in symbiont-host interactions. Structures which did 628 not meet the threshold required by SMART were excluded, whereas overlapping features were 629 included. We manually filtered the SMART annotations to find putative interaction-relevant 630 structures based on the Pfam and SMART database information. To compare the Riftia symbiont with 631 other host-associated (mutualistic or pathogenic) and free-living organisms, we also included 632 domains not present in the Riftia annotations, but possibly relevant for host-bacteria interactions in 633 other organisms based on the literature. All annotations we included are given in Supp . Table S4 . The 634 organisms and their proteome accession numbers we used for comparison can be found in Supp. 635 Table S5 . Proteins with structures that did not pass the threshold criterion in SMART were removed. 636 cruises and coordinated sampling as chief scientist. C.B. assembled and annotated transcriptomic 685 data. All authors contributed to the final manuscript. 686 687 Competing interests 688 
